Arabinogalactan-proteins (AGPs) are cell wall proteoglycans and are widely distributed in the plant kingdom. Classical AGPs and some nonclassical AGPs are predicted to have a glycosylphosphatidylinositol lipid anchor and have been suggested to be involved in cell-cell signaling. Yariv phenylglycoside is a synthetic probe that specifically binds to plant AGPs and has been used to study AGP functions. We treated Arabidopsis suspension cell cultures with Yariv phenylglycoside and observed decreased cell viability, increased cell wall apposition and cytoplasmic vesiculation, and induction of callose deposition. The induction of cell wall apposition and callose synthesis led us to hypothesize that Yariv binding of plant surface AGPs triggers wound-like responses. To study the effect of Yariv binding to plant surface AGPs and to further understand AGP functions, an Arabidopsis whole genome array was used to monitor the transcriptional modifications after Yariv treatment. By comparing the genes that are induced by Yariv treatment with genes whose expressions have been previously shown to be induced by other conditions, we conclude that the gene expression profile induced by Yariv phenylglycoside treatment is most similar to that of wound induction. It remains uncertain whether the Yariv phenylglycoside cross-linking of cell surface AGPs induces these genes through a specific AGP-based signaling mechanism or through a general mechanical perturbation of the cell surface.
Arabinogalactan-proteins (AGPs) are widely distributed in plant species and are located at the plasma membrane and cell wall and in the media of cell cultures. These proteoglycans are typically composed of at least 90% carbohydrate by weight. The AGP core polypeptide is usually rich in Hyp, Ser, Thr, and Ala. Extended motifs comparable to those of extensins are not generally found in AGPs, although short stretches of Hyp alternating with Ala or Ser occur in many AGPs. The sugar moieties are composed of (1/3)-b-D-galactan backbones and (1/6)-b-D-galactan side chains with terminal sugars of Ara or GlcUA (Nothnagel, 1997) . In the classical AGPs, the nascent polypeptide chain is synthesized with a C-terminal hydrophobic sequence that is later replaced with a glycosylphosphatidylinositol lipid anchor in the mature protein (Gaspar et al., 2001) . The Arabidopsis genome contains approximately 47 genes encoding AGP core polypeptides (Schultz et al., 2002) .
The abundance of AGP genes and the high degree of posttranslational modifications of AGPs suggest a high genome investment in the synthesis of AGPs, which indicates that these macromolecules have conserved and important roles in plants. Although several possible roles of AGPs have been suggested (MajewskaSawka and Nothnagel, 2000) , the detailed biological functions of AGPs currently remain unknown. Many experiments have demonstrated that the expression of AGPs is developmentally regulated in tissueand organ-specific manners (Majewska-Sawka and Nothnagel, 2000) . Other experiments showed that AGPs are involved in somatic embryogenesis of carrot and in tracheary element redifferentiation of zinnia mesophyll cells (Kreuger and van Holst, 1996; Motose et al., 2001) . Recent work with Arabidopsis mutants suggests functions of certain AGPs in cell expansion (Shi et al., 2003) , seed germination, in vitro root regeneration (Van Hengel and Roberts, 2003) , and response to abscisic acid (Johnson et al., 2003; Van Hengel and Roberts, 2003) . Based on the rapid turnover rate of AGPs (Takeuchi and Komamine, 1980; Gibeaut and Carpita, 1991; Darjania et al., 2002) , it has been hypothesized that AGPs may function to prevent aggregation of newly synthesized cell wall polymers in the Golgi and keep these polymers soluble inside secretory vesicles on the way to wall deposition (Gibeaut and Carpita, 1991) .
Yariv phenylglycosides such as (b-D-Glc) 3 are synthetic probes that bind and aggregate AGPs. The (b-D-Man) 3 Yariv phenylglycoside differs from the (b-D-Glc) 3 Yariv phenylglycoside only by isomerization of the hydroxyl group at carbon atom 2 of the sugar. Although (b-D-Glc) 3 and (b-D-Man) 3 are extremely close structural analogs, (b-D-Glc) 3 binds AGPs but (b-D-Man) 3 does not, making the latter an excellent control (Yariv et al., 1967; Nothnagel, 1997) .
Yariv phenylglycosides are useful not only for purifying AGPs by precipitation but also for perturbing and testing the function of cell surface AGPs in live cells. Perturbation of AGPs using (b-D-Glc) 3 inhibits cell proliferation in cell cultures (Serpe and Nothnagel, 1994) , root growth in Arabidopsis (Willats and Knox, 1996; Ding and Zhu, 1997) and tomato seedlings (Lu et al., 2001) , and pollen tube growth in lily (Roy et al., 1998) . Treatment with (b-D-Glc) 3 also induces phenovariation in Streptocarpus prolixus (Rauh and Basile, 2003) .
To elucidate the effects triggered by (b-D-Glc) 3 and to further understand AGP functions, we used Arabidopsis cell cultures treated with (b-D-Glc) 3 . When applied to Arabidopsis seedlings, (b-D-Glc) 3 cannot enter the stele, and thus the treatment is only effective at the root epidermal cells (Willats and Knox, 1996) . Fine cell cultures used in the current experiment have the advantage that essentially all cells in the sample receive the treatment. We observed morphological modifications including decreased cell viability, increased cytoplasmic vesiculation, and increased deposition of callose and other polymers at the membrane-cell wall interface. The induction of these cell wall ingrowths including callose synthesis resembled the wound plugs induced by mechanical wounding (Aist, 1976) , which led us to hypothesize that (b-D-Glc) 3 -mediated aggregation of plant cell surface AGPs may trigger wound-like responses. To further examine cellular effects in addition to structural changes, the Arabidopsis whole genome array was used to monitor gene expression during (b-D-Glc) 3 treatment. Genes with altered expression level were classified into functional groups. The overall pattern of gene expression showed the most resemblance to the previously reported transcriptional profile induced by wounding (Cheong et al., 2002) .
RESULTS AND DISCUSSION
Morphological Changes of Cells Treated with (b-D-Glc) 3 
Yariv Phenylglycoside
The viability of Arabidopsis cell cultures decreased to 50% within approximately 36 h after start of exposure to 50 mM (b-D-Glc) 3 (Fig. 1) . Similar exposure to 50 mM (b-D-Man) 3 , a Yariv phenylglycoside that does not bind AGPs, did not affect cell viability (data not shown). Gao and Showalter (1999) have shown that (b-D-Glc) 3 -induced loss of viability in Arabidopsis cell cultures occurs via programmed cell death. We observed that callose deposition was detectable by Aniline Blue staining within 6 h after the start of (b-D-Glc) 3 treatment and increased up to at least 36 h (Fig. 2) . Treatment with 50 mM (b-D-Man) 3 did not induce callose deposition (data not shown). Callose, a (1/3)-b-D-glucan, is not usually present in plant cells except in phloem sieve plates, pollen tubes, cell plates during cytokinesis, and wounded plant tissues (Kauss, 1996) .
The (b-D-Glc) 3 -treated cells also showed ultrastructural changes including increased intracellular vesiculation and cell wall apposition (data not shown). The increased callose synthesis and cell wall apposition resembled wound plugs (Aist, 1976) , which led us to hypothesize that (b-D-Glc) 3 binding of cell surface AGPs triggers wound-like responses.
Overview of Gene Expression Changes Resulting from (b-D-Glc) 3 Treatment
To further test the hypothesis that Yariv treatment triggers wound-like responses, we used the whole Arabidopsis genome microarray to assess changes in mRNA accumulation. We chose two time points after the start of (b-D-Glc) 3 treatment, the first early at 1 h and the second somewhat later at 10 h. Because of the onset of cell death in the cultures (Fig. 1) , we reasoned that mRNA quality and the interpretability of the results would be compromised at later times. We also imposed a threshold of at least a 2-fold change in expression level when screening for genes with induced or repressed expression. By this criterion, 411 genes were induced (Tables I and II; Supplemental  Table I , which can be viewed at www.plantphysiol. org) and 63 genes repressed at 1 h (Supplemental Table  II ) of (b-D-Glc) 3 treatment, and 305 genes were induced (Table III; Supplemental Table I ) and 369 genes were repressed at 10 h (Supplemental Table III ) of (b-D-Glc) 3 treatment. The induction at 1 h seemed transient for the vast majority of genes since only 25 of the 411 genes induced at 1 h were also among the 305 genes induced at 10 h of (b-D-Glc) 3 treatment (Supplemental Table  IV) . A similarly limited overlap of early and late inductions was observed by Cheong et al. (2002) in a study of wounding. Housekeeping genes and cell cycle regulation genes, such as tubulin, kinesin, dynein, cyclin, and histone genes, were generally downregulated at 10 h. Numerous genes involved in cell wall synthesis and modification were also downregulated at 10 h (Supplemental Table III ). The relative abundance of down-regulated genes and repression of various housekeeping genes at 10 h were reflective of a general down-turn in cellular activities during ongoing cell death.
Judging from the apparent link between ongoing cell death and gene repression, we decided to principally focus this report on up-regulated genes (Tables  II and III) since these, rather than down-regulated genes, might give more valuable information about (b-D-Glc) 3 -induced responses and AGP functions. We also focused this report on genes annotated with known or putative functions. Unknown genes that were up-regulated at 1 h and 10 h of (b-D-Glc) 3 treatment can be reviewed elsewhere (Supplemental Table I ). All of the fold changes appearing in the tables here were derived by comparing expression levels in (b-D-Glc) 3 -treated cultures with expression levels in mock-treated cultures in B5 medium. As an additional control, a microarray experiment was performed with a 1-h (b-D-Man) 3 treatment. While 50 mM (b-D-Glc) 3 induced 410 genes within 1 h of treatment, 50 mM (b-D-Man) 3 induced only 44 genes and down-regulated 20 genes, the majority of these changing only slightly more than 2-fold in expression (Supplemental Table V) . Of these 64 genes changed in expression by (b-DMan) 3 , 20 were also changed in expression by (b-DGlc) 3 . With the exception of ZAT11 (see section below on transcription factors), these 20 genes with overlapping expression were excluded from all other tables.
Genes Induced during Senescence Were Up-Regulated by (b-D-Glc) 3 Treatment Arabidopsis cell death triggered by (b-D-Glc) 3 treatment has been suggested to be a form of programmed cell death (Gao and Showalter, 1999) . Several genes previously reported to be expressed during plant senescence, a form of programmed cell death, were also induced by (b-D-Glc) 3 treatment (Tables II and III) . These genes included those with sequence similarities to senescence associated genes DSA5 (At2g23810, At3g45600; Panavas et al., 1999) and SAG21 (At4g02380; Weaver et al., 1998) , an Fe(II)/ascorbate oxidase (SRG1; At1g17020; Callard et al., 1996) , a glyoxalase II (SAG28; At1g53580; Quirino et al., 1999) , and a hin1 homolog (YLS9; At2g35980; Pontier et al., 1999; Yoshida et al., 2001) . Also induced by (b-D-Glc) 3 treatment was a cytochrome p450 (CYP76C2; At2g45570) whose expression had been previously shown to be elevated by senescing of leaves, aging of cell cultures, and wounding of Arabidopsis (Godiard et al., 1998; Yoshida et al., 2001 ).
Cell Wall-Related Genes with Expression Altered by (b-D-Glc) 3 Treatment
Treatment with (b-D-Glc) 3 induced deposition of matrix material between the plasma membrane and cell wall of Arabidopsis cells ( Fig. 2 ; other data not shown). This cell wall apposition, which increased with time and involved callose (Fig. 2) , was morphologically similar to wound plugs induced by mechanical wounding and to papillae induced by fungal infection (Aist, 1976) . Other cell wall changes, specifically bulging of root epidermal cells, have been observed in Arabidopsis seedlings treated with (b-D-Glc) 3 (Willats and Knox, 1996; Ding and Zhu, 1997) . Root cell wall bulging was also recently reported for Arabidopsis with a mutation in an AGP-like gene (Shi et al., 2003) . Cell bulging was not apparent in our (b-D-Glc) 3 -treated Arabidopsis culture cells (Fig.  2) , and we have previously shown that cell volume does not appreciably change in (b-D-Glc) 3 -treated rose culture cells (Serpe and Nothnagel, 1994) . Due to the variability in the shapes of Arabidopsis cells in culture (Fig. 2) , however, a small amount of bulging would have been difficult to detect. Neither the biochemical changes responsible for cell wall bulging nor the identity of other cell wall components in addition to callose in the paramural deposits (Fig. 2) are known. Identification of cell wall-related genes induced by (b-D-Glc) 3 may shed light on both of these issues.
The xyloglucan endotransglycosylases/hydrolases (XTH) can cleave xyloglucan molecules, form a polysaccharide-enzyme intermediate, and then transfer the newly cleaved xyloglucan molecule to the nonreducing end of another xyloglucan polymer (Campbell and Braam, 1999; Rose et al., 2002) . The XTHs are proposed to function in cell wall biogenesis, cell wall loosening leading to cell expansion (Vissenberg et al., 2000; Kaku et al., 2002) , and cell wall degradation (Redgwell and Fry, 1993; Antosiewicz et al., 1997) . The XTH genes can also be induced by hormone and environmental stimuli (Rose et al., 2002) . Seven XTH genes were upregulated at 1 h of (b-D-Glc) 3 treatment (Table II) . No XTH genes were up-regulated at 10 h. Three of the induced XTH genes, At-XTH17 (XTR1), At-XTH22 (TCH4), and AT-XTH23 (XTR6), were previously shown to be induced by wounding (Table IV; Cheong et al., 2002) . Expansins form another class of proteins involved in cell wall loosening and cell extension (Cosgrove et al., 2002) . Three genes of this class, AtEXP12, EXPL2, and EXPL3, were induced slightly more than 2-fold at 1 h of (b-D-Glc) 3 treatment.
Pectin and pectin changes affect cell wall strength, cell wall porosity, cell wall ion-exchange capacity, cell adhesion, and other aspects of plant development and pathogen response (Micheli, 2001; Willats et al., 2001) . Pectin is also deposited in wound plugs (Russo and Bushnell, 1989) . As synthesized in the Golgi, pectin is highly methyl-esterified. Later, upon delivery to the cell wall, pectin is partially deesterified by pectin methylesterases (PMEs). A direct molecular effect of this deesterification is the exposure of an ionizable carboxyl group on galacturonosyl residues, which enables the pectin to be stiffened by ionic crossbonding with Ca 21 . Downstream effects of PMEs occur in pectin assembly and disassembly (Willats et al., 2001) , tissue integrity (Tieman and Handa, 1994) , stem elongation (Pilling et al., 2000) , cell adhesion, and cell wall metabolism (Wen et al., 1999) . Four pectin esterase genes were induced at 1 h of (b-D-Glc) 3 treatment (Table II) . Taken together, the induction of XTH, expansin, and PME genes implies the possible modifications of cell wall composition and properties in the treated Arabidopsis cell cultures.
Several b-1,3-glucanase genes were induced at either 1 h or 10 h of (b-D-Glc) 3 treatment. The 22-fold increase in expression of 1 b-1,3-glucanase gene (At3g04010) was the strongest induction observed on the entire microarray at 10 h (Table III) . Many b-1,3-glucanases are involved in plant defense (Keen and Yoshikawa, 1983; Sela-Buurlage et al., 1993) or development (Bucciaglia and Smith, 1994; Delp and Palva, 1999; Buchner et al., 2002) , and some b-1,3-glucanases are induced by wounding or hormone treatment (Simmons et al., 1992; Cheong et al., 2002) . Callose (b-1, 3-glucan) accumulation was evident within 6 h of (b-D-Glc) 3 treatment (Fig. 2) , and the induction of b-1,3-glucanase genes at 1 h and especially 10 h might suggest action of these enzymes in turning over the deposited callose. In view of the substantial accumulation of callose (Fig. 2) , it is interesting that none of the 12 identified callose synthase genes were up-regulated more than 2-fold by (b-D-Glc) 3 (Table V) . Two laboratories (Jacobs et al., 2003; Nishimura et al., 2003) have recently shown that one callose synthase, CalS12 (also called GSL5; At4g03550), is required for callose deposition in wound plugs and fungal-induced papillae. Although CalS12 was not induced by (b-D-Glc) 3 , the signal reporting the expression of this gene was relatively strong in our cell culture system at 1 and 10 h, with and without treatment (Table V) . To test if transcription of the CalS12 gene was transiently up-regulated earlier than 1 h, we used real-time PCR to measure transcript levels at 10 min after the start of treatment. Relative to the mock treatment control, the CalS12 transcript levels were 0.8 6 0.48 (average of 3 trials 6 SD) for the (b-D-Glc) 3 treatment and 1.36 6 0.69 for the (b-D-Man) 3 treatment, i.e. no significant induction of CalS12 occurred at 10 min. It remains possible that a callose synthase other than CalS12 is involved in (b-D-Glc) 3 -induced callose deposition. To resolve this point, it would be interesting to test if (b-D-Glc) 3 induces callose deposition in a CalS12 knockout plant. Overall, however, the observed general lack of induction of callose synthase genes (Table V) may indicate that callose synthase activity is regulated posttranscriptionally. Activity of callose synthase protein has been suggested to be regulated by G-proteins and Ca 21 (Schlü pmann et al., 1993; Li et al., 1997; Verma and Hong, 2001 ), so it is possible that the observed (b-D-Glc) 3 -induction of callose accumulation arises through posttranscriptional regulation. Based on the signal level from the microarray data, at least nine genes encoding AGP core polypeptides were actively expressed in our Arabidopsis culture cells (Table VI) . Four AGP genes, AtAGP19, AtFLA4, AtFLA5, and AtFLA17, are not annotated in Affymetrix ATH1 array. The signal levels varied from low to high among the genes within each of the four types of AGPs (classical AGPs, AG-peptides, Lys-rich AGPs, and fasciclin-like AGPs), but the overall tendency was for the fasciclin-like AGPs to be expressed at lower levels than the others. Many of the highly induced AGP genes in our cell culture are predicted to have a GPIanchor (Schultz et al., 2002) . Three AGP genes (AtAGP18, AtAGP21, AtAGP22; all with predicted GPI anchors) were up-regulated at least 2-fold at 1 h of (b-D-Glc) 3 treatment. The up-regulation of an AGP gene at 1 h may imply that AGP is a component in the matrix deposits at the plasma membrane-cell wall interface. Alternatively, AGPs up-regulated at 1 h might be involved in transporting other Golgisynthesized polymers to the cell wall, as suggested by Gibeaut and Carpita (1991) . No AGP gene was induced more than 2-fold at 10 h of (b-D-Glc) 3 treatment, but AtAGP18, AtAGP22, AtFLA1, and AtFLA9 were down-regulated more than 2-fold at 10 h (Supplemental Table III ). The significant changes in cell wall-related genes tended to be up-regulations at 1 h and down-regulations at 10 h of (b-D-Glc) 3 treatment. Most of the up-regulated genes had functions in cell wall modification, rather than in cell wall synthesis. Only a few genes with annotated functions in cell wall synthesis were significantly induced by (b-D-Glc) 3 treatment. Several apparent glycosyltransferases of unknown substrate specificity were induced at 1 h (Table II) . Two cellullose synthase-related genes were moderately up-regulated, At4g07960 at 1 h (Table II) and At4g24000 at 10 h (Table III) , and another (At1g02730; Supplemental Table III) was strongly down-regulated at 10 h. Because only a few of the enzymes involved in Table IV . Comparison of Arabidopsis gene expression up-regulated by 50 mM (b-D-Glc) 3 or by wounding Data on wound-induced genes taken directly from Cheong et al. (2002) , where the analysis was performed using an 8,000 gene Affymetrix microarray. Blanks in the table indicate that the expression change was less than a 2-fold increase.
AGI Locus Gene Description
Fold Change cell wall synthesis have been identified to date, it is possible other cell wall synthesis genes were among the many genes of unknown function that changed expression in response to (b-D-Glc) 3 .
Many Genes Involved in Transcriptional Control Were Up-Regulated by (b-D-Glc) 3 Treatment
Genes involved in transcriptional control were of particular interest relative to elucidating the regulation of the downstream effector genes that were induced or repressed by aggregating AGPs with (b-D-Glc) 3 . Seven WRKY family transcription factor genes, including WRKY 8, 33, 40, 46, 53, 72, and 75 (Table II) , were up-regulated more than 2-fold at 1 h of (b-D-Glc) 3 treatment, whereas two, WRKY 9 and 75 (Table III) , were up-regulated more than 2-fold at 10 h. The WRKY family transcription factors contain a conserved WRKYGQK heptapeptide sequence followed by a zinc-finger motif and are involved in plant defense response (Maleck et al., 2000; Yu et al., 2001; Dong et al., 2003) , wound response, senescence (Hinderhofer and Zentgraf, 2001; Robatzek and Somssich, 2001) , and morphogenesis . Three of these genes, WRKY 33, 40, and 53, have been previously reported to be induced 30 min after wounding (Cheong et al., 2002) , and this early induction correlates with their early induction by (b-D-Glc) 3 treatment (Table IV) .
Several members of the ERF/AP2 family of transcription factors were induced by (b-D-Glc) 3 . Among those, AtERF1, AtERF5, AtERF6, AtERF11, RAV2, DREB1C/CBF2, and TINY-like genes were also induced by wounding of Arabidopsis leaves (Table IV; Cheong et al., 2002) . Treatment with (b-D-Glc) 3 for 1 h induced four AP2 domain-containing TINY-like genes (Table II) . The semidominant tiny mutant shows increased expression of TINY protein that affects cell shape and expansion and results in a dwarf phenotype. The tiny mutants have shorter hypocotyl cells, more bulbous leaf epidermal cells, and larger diameter leaf mesophyll cells (Wilson et al., 1996) . As mentioned above, (b-D-Glc) 3 induces root epidermal cell bulging (Willats and Knox, 1996; Ding and Zhu, 1997) . Although these observations involved different tissues, the similarity in cell shape changes may suggest that TINY is involved in the root epidermal cell shape change triggered by (b-D-Glc) 3 .
Several Cys 2 /His 2 -type zinc-finger transcription factors, AZF2, ZAT10/STZ, ZAT11, and ZAT12 (Lippuner et al., 1996; Meissner and Michael, 1997; Takatsuji, 1999; Sakamoto et al., 2000) , were induced at 1 h of (b-D-Glc) 3 treatment (Table II) with AZF2 also being induced at 10 h (Table III) . Expressions of the ZAT10/STZ, ZAT11, and ZAT12 genes have previously been shown to be induced by wounding (Table  IV; Cheong et al., 2002) . It has been suggested that ZAT11 and ZAT10/STZ function as active repressors in transcriptional regulation mediated by the EAR motif L /F DLN L / F (X)P in their C-terminal region (Ohta et al., 2001) . It is possible that some genes downregulated by (b-D-Glc) 3 at 10 h may be the target genes regulated by these two transcription factors. In the microarray experiment with 1 h of (b-D-Glc) 3 treatment, the 128-fold increase in expression of the ZAT11 gene was the greatest induction observed in the entire array. Two points regarding this very high induction are noteworthy. First, in this same array experiment, the (b-D-Man) 3 control induced the expression of ZAT11 by 11.31-fold, certainly significant but much less than the 128-fold induction by (b-D-Glc) 3 . Second, replicate experiments with different batches of cells and RNA all showed ZAT11 to be highly induced by (b-D-Glc) 3 , but the magnitude of this The type of AGP is indicated by a letter (C, classical AGP; P, AG-peptide; K, Lys-rich AGP; F, fasciclin-like AGP) following the gene name, and the font of this letter indicates whether the AGP is predicted to have a GPI-anchor (italicized font, without GPI-anchor; regular font, with GPI anchor; Schultz et al., 2002; Johnson et al., 2003) . Detection calls in columns labeled Dc were determined using default values in the Microarray Suite (MAS) 5.0 software (Affymetrix). See Table V (Hervé et al., 1996 (Hervé et al., , 1999 , including perhaps AGPs. The (b-D-Glc) 3 treatment induced three lectin receptor protein kinase genes (At4g29050, At5g01540, At1g70130; Table II ) at 1 h and another (At3g59700 ;  Table III ) at 10 h. The At3g59700 gene, encoding the LecRK-1 lectin receptor protein kinase, has been shown to be expressed during senescence and wounding (Riou et al., 2002) . Thus, the expression of LecRK-1 in the current experiments may reflect a (b-D-Glc) 3 -induced wound-like response or cell death (Fig. 1) . The cell wall-associated kinases (WAK) have been shown to play a role in cell expansion and in plant defense. WAK1 has been shown be covalently bound to pectins (Verica and He, 2002) . Two WAK-like genes (At1g16130, At1g79680; Table II) were slightly induced by (b-D-Glc) 3 at 1 h. Other receptor-like protein kinase genes induced at 1 h of (b-D-Glc) 3 treatment included RLK3 and RLK4, which were previously shown to be induced by pathogen invasion, salicylic acid, and wounding (Table IV; Czernic et al., 1999; Cheong et al., 2002) . The (b-D-Glc) 3 treatment increased the expression of 17 protein kinases at 1 h (Table II) . By 10 h of treatment, only 3 protein kinases had higher expression levels (Table III) , but many had lower expression levels (Supplemental Table III ). The most highly induced, previously identified protein kinase gene was AtMPK3, which was induced 4.59-fold at 1 h of (b-D-Glc) 3 treatment. The AtMPK3 kinase has been well studied at the levels of both gene expression and enzyme activity, the regulation of the latter potentially involving both transcriptional and posttranscriptional mechanisms (Mizoguchi et al., 1996; Ichimura et al., 2000; Zhang and Klessig, 2001 ). Earlier reports (Kovtun et al., 2000; Asai et al., 2002) have shown that AtMPK3 kinase activity is induced by pathogen elicitors and H 2 O 2 , whereas AtMPK3 gene expression is induced upon incompatible interaction with the necrotrophic fungus Alternaria brassicicola (Schenk et al., 2003) . Both gene expression and enzyme activity of WIPK, a tobacco ortholog of AtMPK3, are induced by wounding (Seo et al., 1995 (Seo et al., , 1999 . Changes in expression of many receptor-like protein kinases and other protein kinases within the first 1 or 10 h present possible candidates for the transduction of (b-D-Glc) 3 binding of cell surface AGPs into downstream cellular responses.
Disease Resistance-Related Genes with Expression Altered by (b-D-Glc) 3
Expression of more than 20 plant disease resistance genes (R genes) or genes structurally related to R genes were induced within 1 h of aggregating cell surface AGPs with (b-D-Glc) 3 (Table II) . Their induction was characteristically early and transient, since very few of these genes were induced above 2-fold at 10 h (Table III) . Plant R genes are involved in gene-forgene interactions conferring resistance toward pathogens (Keen, 1990; Holt et al., 2000; Dangl and Jones, 2001) . Some of them are induced during defense responses, presumably preparing the entire plant to resist further pathogen invasion (Schenk et al., 2003) . Several other genes involved in disease defense responses were induced by (b-D-Glc) 3 treatment (Tables  II and III) . These genes encoded WRKY transcription factors , glutathione S-transferase, peroxidase, phenylanaline ammonia lyase, b-1,3-glucanase (Keen and Yoshikawa, 1983) , AtMPK3 (Asai et al., 2002) , NDR1-like proteins (Century et al., 1997) , NPR1-like proteins (Glazebrook et al., 1996; Cao et al., 1997) , and EDS5 (Rogers and Ausubel, 1997) . The induction of these defense genes and the formation of callose-containing matrix deposits between the plasma membrane and cell wall (Fig. 2 ) may suggest that (b-D-Glc) 3 treatment induced defense-like responses. It has been shown that some genes induced by wounding are involved in pathogen response (Cheong et al., 2002) , so that defense genes may be induced by (b-D-Glc) 3 via the wound-response pathway. We do not know if (b-D-Glc) 3 -mediated The earlier work of Cheong et al. (2002) , where the 8,000 gene Affymetrix microarray was used to investigate transcriptional profiling of the wound response, provided an excellent opportunity for a large-scale comparison between the responses to (b-D-Glc) 3 treatment and to wounding. Even with the different array used by Cheong et al., the comparison showed that more than 40 genes exhibited commonality of expression (Table IV) . Although the early (1 h versus 30 min) and late (10 h versus 6 h) time points were not precisely matched between the two studies and the tissue types receiving the treatment were different, it is apparent that the similarity of expressions between the two experiments extended to both time course and magnitude for many genes. The commonality between (b-D-Glc) 3 -treatment and wounding was particularly evident for transcription factors, which account for nearly one-half of the entries in Table IV . Genes encoding signal transduction pathway components (receptor-like kinases and G-proteins) and cell wallrelated proteins (glycosyltransferase, cellulose synthase, and hydrolases) also showed some expression similarities between the two treatments.
Although jasmonic acid signaling is involved in plant wound and pathogen responses (Glazebrook, 2001; Leó n et al., 2001 ), we did not observe (b-D-Glc) 3 -induction of PDF1.2, JR1, JR2, or some other genes typically induced by jasmonic acid. Rojo et al. (1998) could not detect jasmonic acid-induced activation of JR genes in Arabidopsis cell cultures and suggested that other hormones in the cell culture medium may interfere with jasmonic acid-mediated signaling.
Reliability of Microarray Data
To test the reliability of the microarray data, the mRNA abundances for several genes of interest were determined by an alternate method, real-time PCR analysis. When applied to the same RNA preparations, the microarray analysis and the real-time PCR analysis yielded very similar results (Table VII) , indicating the reliability of the microarray analysis. To assess the variation in the sample preparation, transcript abundances from two additional separate batches of cells were analyzed using real-time PCR. Although considerable variation was observed among the expression fold changes for any particular gene in the three real-time PCR experiments (Table VII) , the ordering of fold changes within the set of genes was quite similar among the three experiments. As an extreme example, the ZAT11 gene had one of the highest fold expression changes at 1 h in each experiment, but these ranged from 3.82-fold to 128-fold among the three experiments. Comparison of Tables II   and III shows that the expression of many genes is highly transient, so it is likely that substantial variation in 1 h expression levels among repeated experiments can arise if the cells respond slightly faster or slower in the different experiments.
CONCLUSION
Although some progress has been recently reported (Shi et al., 2003; Van Hengel and Roberts, 2003) , the mutational approach to investigating AGP functions has typically been hampered by absence of detectable phenotypes. Because the Arabidopsis genome contains approximately 47 genes encoding AGP core polypeptides (Schultz et al., 2002) , considerable possibility exists for functional redundancy (Johnson et al., 2003) . An alternative approach to studying AGP function, and the approach taken in this work, involves use of (b-D-Glc) 3 , a synthetic chemical that specifically binds, precipitates, and presumably inactivates a wide range of AGPs (Nothnagel, 1997) , including those containing a fasciclin-like domain (Johnson et al., 2003) . Treatment with (b-D-Glc) 3 generally produces a profound phenotype. For example, 50 mM (b-D-Glc) 3 abruptly and completely stops the growth of plant cell cultures, and we know of no plant species that does not show this effect. A disadvantage of the broad AGP specificity of (b-D-Glc) 3 is that observed effects cannot be attributed to any specific AGP.
This study shows that Arabidopsis cell cultures are induced to increase accumulation of mRNAs from a wide variety of genes at 1 and 10 h of 50 mM (b-D-Glc) 3 treatment, and to decrease accumulation of many other mRNAs at 10 h of treatment. When carefully analyzed and coupled with observations by microscopy, the diverse accumulation of mRNAs clarifies to reveal some trends. Foremost among these trends is similarity to wound-like responses, including cell wall thickening, callose synthesis (Fig. 2) , and induction of genes encoding certain transcription factors, cell wall-related proteins, and signal transduction components (Table IV) .
These similarities to wound response and possibly pathogen response lead to the question of how aggregation of AGPs might mimic some aspect of the cellular or molecular processes that occur during wounding or pathogen attack. The simplest hypothesis might be that (b-D-Glc) 3 -induced aggregation of plasma membrane AGPs generates physical stresses that directly damage the membrane, tearing it open, much as insect feeding or other wounding opens the membrane. Although the death of Arabidopsis cells caused by (b-D-Glc) 3 treatment might seem consistent with this hypothesis of membrane tearing, membrane tearing should produce very rapid cell death. Instead, (b-D-Glc) 3 treatment results in a very gradual onset of cell death (Fig. 1) . Furthermore, earlier work (Serpe and Nothnagel, 1994) showed that rose cells suffer
